Because overall cranial morphology-biomechanics linkage in carnivorans is significantly influenced by both feeding and non-feeding ecological variables, whole-skull mechanical performance measures may be less sensitive to feeding ecology than regional characteristics within the skull. The temporomandibular joint could be one regional characteristic that is highly sensitive to feeding ecology considering that this joint is used in prey capture, food processing, and experiences compressive loading during mastication. Through 3D model construction, 3D printing, and compression tests, morphological and mechanical performance measures were determined for the temporomandibular joint trabecular bone structure of 40 species representative of the phylogenetic and ecology diversity of Carnivora. Remarkably, the results indicate that relative fill volume, relative structural complexity, elastic modulus, and relative maximum compressive strength of trabecular bone structure are not significantly related to phylogeny or ecology. The results reveal that morphological and mechanical performance attributes of trabecular bone structure are primarily influenced by body size, and that positive centroid size allometry and positive body mass allometry are present for structural complexity. The lack of feeding ecological signal in dorso-ventral compressive loading of temporomandibular joint models indicates that carnivoran temporomandibular joint trabecular structures may not undergo significant differential remodeling as an evolutionary response to different mechanically demanding feeding tasks.
Introduction
Historically it has been assumed that cranial structure-biomechanics relationships are primarily influenced by feeding ecology in carnivorans, but recent results from geometric morphometrics and finite element analysis suggest that carnivoran cranial morphology is related to both feeding and non-feeding variables [1] . The carnivoran skull must meet myriad functional demands besides prey capture and feeding, which may suggest that more suitable attributes for evaluating feeding ecology are mechanical performance measures from specific anatomical structures (e.g., the temporomandibular joint, or TMJ) that are directly associated with prey capture and food processing. The mandibular condyle of the temporomandibular joint in mammals is likely to be under selection involving masticatory mechanical loads, given that previous research utilizing rosette strain gages in Sus (domestic pigs) shows that the mandibular condyle is subject to loading during mastication and that these forces are mostly compressive [2] . In addition, the finding that Oryctolagus cuniculus (domestic rabbits) subjected to over-use diets display greater biomineralization levels in the mandibular condyle than are observed in under-use diet O. cuniculus individuals implies that the mandibular condyle bone composition is responsive to level of mechanical loading over individual lifespans [3] . Furthermore, diets that require lower mechanical loading appear to be associated with increased rates of temporomandibular joint disorders and tooth development pathologies in human populations suggesting that biomechanical feedback contributes to the maintenance of harmonized oral tissue development [4] . Upon consideration that the study of human mandibular condyles shows that trabecular bone experiences much greater ranges of stresses and strains than does the cortical bone [5] , temporomandibular joint trabecular bone structure might offer a useful structure-performance measure for assessing feeding ecology.
Here, we use a 3D modeling, 3D printing, and material testing approach to test the following hypothesis regarding the structure-performance relationship in the carnivoran TMJ:
H 0
Mechanical demands of prey capture and food processing have a significant influence on the mechanical properties of temporomandibular joint trabecular bone structure across species in Carnivora. The compressive load experienced by the carnivoran temporomandibular joint should be associated with evolutionary adaptation to mechanical demands of feeding.
Materials & methods
Trabecular bone structure from the central region of the mandibular condyle (i.e., a heterogeneous tissue that withstands compressive loading during mastication) was examined in 40 carnivoran species that are representative of the phylogenetic and ecological diversity of the Order (S1 Table) [2] . High resolution CT-scans were obtained with the GE v|tome|x s scanner at the American Museum of Natural History (AMNH). Most of the specimens scanned were adult, wild-caught individuals. The CT-image stacks were segmented using Dragonfly (Object Research Systems, Quebec, Canada) and 3D models were built in Geomagic Wrap (3D Systems, Rock Hill, South Carolina). Virtual "core samples" were taken from the mandibular condyle in the dorso-ventral orientation in the shape of a standardized cylinder. The height of a given cylinder was determined by using the maximum height of the articular surface from the central region of the mandibular condyle. Each cylinder diameter was set at 50% of its height to standardize the shape of the test sample. Using Boolean mesh operations in Geomagic Wrap, the 3-dimensional trabecular structure of mandibular condyle bone was cored using the cylindrical shape placed in the joint model. Each 3D model cylinder was then scaled to a height of 10mm and diameter of 5mm, thereby creating a standardized sample of carnivoran mandibular condyle trabecular bone structures to reduce error in the subsequent experimental data collection process (Fig 1) .
Trabecular structure 3D models were imported into 3D Systems Sprint printing software. The specimen number was engraved on the superior surface of a given sample with a depth of 0.1mm. Samples were then printed using a 3D Systems ProJet MJP 2500 3D printer. All samples were printed using VisiJet M2R-CL material, which possesses a tensile strength of 35-45 MPa [6] . Although the rigid plastic print material does not replicate the material properties of actual mammalian bone, it is used as the standard model material in order to test the effect of trabecular bone structural differences on mechanical properties. Trabecular bone structural properties were measured by applying compressive load to each 3D-printed cylinder sample with a universal material tester. Five replicate prints of identical 3D models (n = 1 model for each species) were tested for each of the 40 species to account for uncertainty generated by variability of the 3D printing process. All sample tests began with a preload value of 10N to standardize the initial load onto the sample and were carried out with an average load rate of 0.6 mm/min using a manual crank and a watch. Data were measured using a Mark-10 ES-30 testing stand fitted with a force gauge (Model M3-500) and a Mitutoyo vertical caliper travel display. The force and vertical displacement data were recorded at a rate of 4 Hz using MesurGage.
Morphological data describing trabecular bone structure were measured using Geomagic Wrap. Relative fill volume (mm 3 ) and relative structural complexity measured as relative surface area (mm 2 ) were calculated using the 3D model that served as the basis for each 3D print. Raw data from compressive load tests were analyzed using Excel to obtain elastic modulus (MPa) and relative maximum compressive strength (N) for the trabecular bone structure of each species using the stress-strain curves of each sample test. Stress was calculated by dividing the recorded force by the surface area of the cylinder face (circle with radius of 2.5 mm, or area ) in contact with the compression plate of the testing machine. Strain was calculated by dividing the recorded vertical displacement distance (mm) by the original height of the cylinder sample (10 mm). Maximum compressive strength was then determined by identifying the maximum stress value. Elastic modulus was calculated by estimating the slope of the linear (elastic) region of the stress-strain curve. Because the test protocol involved standardizing the size of the test samples, centroid size information and body mass information were reintroduced into the test data by multiplying relative fill volume, relative structural complexity, and relative maximum compressive strength each by centroid size [1] or body mass [7] (e.g., Centroid Size x Relative Fill Volume = Centroid Size Included Volume).
Phylogenetic generalized least squares (PGLS) analyses were used to assess potential relationships of morphological and mechanical performance data with activity cycle, terrestriality, habitat breadth, dietary breadth, trophic level, maximum longevity, age of sexual maturity, mean monthly precipitation, temperature, dietary mechanical demand, and suborder. The ecological data were obtained from the PanTHERIA database of mammalian ecological characteristics [7] . Additionally, the degree of allometry was determined using linear regressions of the natural logarithms of trabecular bone morphological and mechanical performance variables against body size measures (mandible centroid size and body mass). Expected isometry slope values were determined for the properties being assessed. A value of m = 1 was expected for trabecular bone volume compared to body size because both attributes increase in 3 dimensions, whereas m = 2 / 3 was expected for the surface area (structural complexity) because surface area increases within 2 dimensions while body size increases in 3 dimensions. It was expected that m = 1 for maximum compressive strength because the capacity for withstanding compressive force should increase uniformly with increase to body size given that the amount of material available to withstand loading would increase. Positive/negative allometry was defined as expected slope values failing to fall within the confidence intervals of the estimated slope coefficient from PGLS regression analysis.
Data analysis was carried out using R in the phytools, nlme, ape, Geiger, Morpho, picante, geomorph, PHYLOGR, OUwie, and caper packages [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The phylogenetic topologies and branch lengths were constructed in Mesquite [19] . Principal analyses were run using a consensus tree (Fig 2) with branch lengths from 10kTrees Project (based on DNA sequence data) and supplemented with analyses from a uniform branch length configuration (Fig 3) adapted from [1] .
Results

Morphological attributes of trabecular bone structure
The phylogeny-associated results of analyses using the molecular branch length configuration described below are consistent with the results of the analyses using the uniform branch length configuration (S2 and S3 Tables). Mellivora capensis (honey badger) displays the greatest relative fill volume for a trabecular bone structural sample, whereas Bassariscus astutus (ringtail) has the least relative fill volume ( Table 1 ). The results indicate that centroid size included volume is positively correlated with maximum longevity and sexual maturity age (Table 2) . Centroid size included volume also has a negative correlation with dietary mechanical demand. Centroid size corrected volume, however, is not correlated with any ecological variables. Similarly, body mass included volume is positively correlated with maximum longevity and sexual maturity age, as well as negatively correlated with dietary mechanical demand. Body mass corrected volume is not correlated with any variables.
Greatest relative structural complexity (952.0753 mm 2 ) for mandibular condyle trabecular bone occurs in Hydrurga leptonyx (leopard seal) and the least relative structural complexity ) is apparent in Fossa fossana (Malagasy civet). The results indicate that centroid size included structural complexity is positively correlated with maximum longevity and sexual maturity age, as well as negatively correlated with dietary mechanical demand (Table 3) . Comparable to centroid size included structural complexity, body mass included structural complexity exhibits positive correlations with maximum longevity and sexual maturity age, and a negative correlation with dietary mechanical demand. However, neither centroid size corrected structural complexity nor body mass corrected structural complexity have significant correlations with any of the ecological variables.
Mechanical performance attributes of trabecular bone structure
Interestingly, the species with the maximum and minimum values for the morphological measurements (relative fill volume and relative structural complexity) are not the species that exhibit the maximum and minimum mechanical performance values. The greatest elastic modulus and greatest relative maximum compressive strength are displayed by Gulo gulo (wolverine); a species that wields durophagous dentition and is known to crush the bones of much larger species [7, 20] . From a purely structural perspective, Odobenus rosmarus (walrus) trabecular bone morphology appears to be very poor for withstanding compressive loading given that this species exhibits the minimum values for elastic modulus and relative maximum compressive strength. This finding may be related to the diet of O. rosmarus that consists primarily of soft invertebrates and to the great body size of this particular species [7, 21] . Incorporating mandible centroid size into the calculations yields different species for both the least and greatest maximum compressive strength values, which are Galidictis fasciata (broadstriped mongoose) and Ursus arctos (brown bear), respectively. Potential relationships of structural mechanical performance data were explored using phylogenetic generalized least squares analyses with activity cycle, terrestriality, habitat breadth, dietary breadth, trophic level, maximum longevity, age of sexual maturity, mean monthly precipitation, temperature, dietary mechanical demand, suborder, relative structural complexity, and relative fill volume. As elastic modulus is by definition size independent, size inclusion and size correction are not required for elastic modulus analyses [22] . The results show that elastic modulus is positively correlated with relative fill volume and negatively correlated with relative structural complexity ( Table 4) . Centroid size included maximum compressive strength is positively correlated with relative fill volume and maximum longevity, as well as negatively correlated with dietary mechanical demand ( Table 5 ). Centroid size corrected maximum compressive strength shows a positive correlation with relative fill volume and a negative correlation with relative structural complexity.
Body mass included maximum compressive strength is positively correlated with maximum longevity, age of sexual maturity, and relative fill volume. Also, body mass included compressive strength is negatively correlated with mechanical demand. Similar to centroid size corrected maximum compressive strength, the only significant relationships for body mass corrected maximum compressive strength are a positive correlation with relative fill volume and a negative correlation with relative structural complexity. Although maximum compressive strength shows correlations with some ecological variables, the analyses that account for body size via centroid size or body mass show that maximum compressive strength only has significant relationships with relative fill volume and relative structural complexity. Overall, these results indicate that increases to elastic modulus and maximum compressive strength are associated with increases to trabecular bone relative fill volume. Conversely, elastic modulus and maximum compressive strength decrease as the relative structural complexity of trabecular bone increases. 
Quantification of allometry
The degree to which allometry influences trabecular bone of the mandibular condyle is further evaluated through linear regressions of the natural logarithms (ln) of morphological and mechanical performance characteristics versus ln centroid size and ln body mass (Table 6 ).
The results show that elastic modulus and centroid size, as well as elastic modulus and body mass, do not have a significant relationship. These outcomes are consistent with expectations given that by definition elastic modulus is independent of size [22] . Relative fill volume correlates with centroid size and with body mass, as expected. The relationships between volume and body size measures do not differ significantly from isometry. Similarly, maximum compressive strength exhibits correlations with centroid size and body mass, and the degrees of allometry do not significantly differ from isometry. Trabecular bone structural complexity also has correlations with centroid size and with body mass. The results indicate that positive allometry exists for structural complexity even at a 99% confidence interval for the analysis using centroid size and for the analysis based on body mass.
Discussion
The results pertaining to the relationships of morphological and mechanical performance attributes are essentially consistent with expectations. Elastic modulus and relative maximum compressive strength have positive correlations with relative fill volume, which matches expectations because greater amounts of material through which force can be distributed within a standard set of dimensions should be associated with greater stiffness and strength. The negative correlations between relative structural complexity and elastic modulus, as well as between relative structural complexity and relative maximum compressive strength, are also consistent with expectations for how these trabecular bone structures should respond to compressive loading. When adding compressive loads to rigid structures, a highly complex structure made up of numerous smaller load bearing supports would be expected to fail overall shortly after the weakest support undergoes fracture. In contrast, a second structure made up of exactly the same amount of material, but in the form of a completely solid column, should be capable of withstanding greater compressive loading because the overall structure is not dependent on the structural integrity of a smaller component. All in all, the mechanical performance results for trabecular bone structures are consistent with expectations for how those structures function under compressive loading. Although many different structures were evident in carnivoran trabecular bone (Fig 4) , neither morphological measures nor mechanical performance measures show significant correlations with suborder or with any ecological variables after correcting for body size. Therefore, the results call for the rejection of the hypothesis that mechanical demands of prey capture and food processing have a significant effect on the mechanical properties of temporomandibular joint trabecular bone structure (H 0 ). These findings are consistent with results from a study on three platyrrhine primate taxa that suggest mandibular condyle trabecular bone morphological characteristics do not significantly vary despite dissimilar dietary behavior [23] . Nevertheless, the discovery that temporomandibular joint trabecular bone structure is not significantly associated with feeding ecology is very striking given the observable involvement of the temporomandibular joint in prey capture and food processing, experimental results showing that the mandibular condyle experiences substantial compressive loading during mastication, and evidence that dietary mechanical demands influence mandibular condyle biomineralization levels as well as synchronized development of oral tissues [2] [3] [4] [5] .
These unanticipated results might suggest that ecological variables do not require drastically different temporomandibular joint mechanical capabilities in carnivorans. An alternative explanation is the possibility that selective pressures on trabecular bone structure from feeding ecology may actually be diminished by the mammalian mandibular condyle bone remodeling plasticity within an individual's lifespan [3] . That is, the capacity of temporomandibular joint bone to change in response to mechanical demands experienced by the individual may be so responsive that trabecular bone structure is not primarily influenced by the mechanical demands of feeding ecology. It is also plausible that significant relationships exist between the temporomandibular joint and ecological variables, but the signals could be masked by this particular methodological approach. The current study specifically evaluates the mechanical performance of structure by testing all of the trabecular bone structural samples in the same rigid plastic material. This material (VisiJet M2R-CL) has a tensile strength of 35 to 45 MPa, whereas Ursus americanus tibia cortical bone has a tensile strength of 166 to 198 MPa [6, 24] . Thus, an inherent limitation is that the mechanical performance data cannot account for variations in the anisotropic material properties of bone between species; namely, that bone is a composite material consisting of a rigid mineralized component and a pliable collagen component [25] . Future research should evaluate the influence of mineralization levels and collagen levels on the mechanical performance of similar trabecular bone structures to further test whether or not trabecular bone of the temporomandibular joint is related to ecological variables.
The results indicate that centroid size allometry and body mass allometry are significantly correlated with temporomandibular joint trabecular bone structural properties. The positive allometry for structural complexity, which is a morphological attribute that is associated with both lower elastic modulus and lower maximum compressive strength, seems to suggest that carnivoran species of larger body size possess mandibular condyle trabecular bone morphology that is not structurally optimized for withstanding high compressive loads. This observation could reflect the relatively reduced mechanical demands in larger species (e.g., eating prey and/or experiencing masticatory forces that are relatively smaller compared to their size) and/ or osteological growth mechanisms that maintain comparable trabecular bone subcomponent structures regardless of species body size. Body size and other non-feeding variables have been shown to influence the overall cranial morphology of Carnivora [1] and the results of this investigation demonstrate that even specific performance measures from the carnivoran temporomandibular joint are principally determined by non-feeding variables (i.e., size).
Lastly, the findings of this study are valid in a cross-species comparative context given the focus on broad taxonomic sampling (across 14 families) rather than multiple individuals of the same species (n = 1 individual per species). Bone functional adaptation theory indicates that the trabecular arrangement reflects stereotypical loading regimes experienced by the individual [26] . Therefore, some degree of intraspecific variation according to behavioral, geographic, or ontogenetic differences in jaw loading regimen are expected to be present. Future studies should investigate the extent to which intraspecific variations characterize ecological and developmental differences between individuals of the same species. It is possible that allometry may be the main predictor of TMJ trabecular bone structural properties in Carnivora as a whole, whereas subtle growth or ecological signals may be captured at the intraspecific level.
Conclusions
Upon consideration that the temporomandibular joint is involved in prey capture and food processing, that the mandibular condyle experiences compressive loading during mastication, and that biomechanical feedback appears to influence mandibular condyle biomineralization levels and coordination of oral tissue development, the morphology and mechanical performance of this structure appeared to have great potential to provide engineering-based measures of feeding ecology [2] [3] [4] [5] . The results of the current investigation show that temporomandibular joint trabecular bone structure morphological and mechanical performance measures are not significantly associated with feeding ecology variables across Carnivora. It appears that size allometry is the principal factor that influences temporomandibular joint trabecular bone structure's relative fill volume, relative structural complexity, elastic modulus, and relative maximum compressive strength. Notably, positive allometry occurs for structural complexity of temporomandibular joint trabecular bone. Future research should explore temporomandibular joint trabecular bone structural properties in additional mammalian taxa to see if these patterns hold across mammals in general, and in ontogenetic and geographical intraspecific samples to see if patterns differ at the individual level. 
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